Abacavir is an antiretroviral drug used to reduce human immunodeficiency virus (HIV) replication and decrease the risk of developing acquired immune deficiency syndrome (AIDS). However, its therapeutic value is diminished by the fact that it is associated with drug hypersensitivity reactions in up to 8% of treated patients. This hypersensitivity is strongly associated with patients carrying human leukocyte antigen (HLA)-B*57:01, but not patients carrying closely related alleles. Abacavir's specificity to HLA-B*57:01 is attributed to its binding site within the peptide-binding cleft and subsequent influence of the repertoire of peptides that can bind HLA-B*57:01. To further our understanding of abacavirinduced hypersensitivity we used molecular dynamics (MD) to analyze the dynamics of three different peptides bound to HLA-B*57:01 in the presence and absence of abacavir or abacavir analogues. We found that abacavir and associated peptides bind to HLA-B*57:01 in a highly diverse range of conformations that are not apparent from static crystallographic snapshots, but observed no difference in either the conformations, nor degree of flexibility when compared to abacavir-unbound systems. Our results support hypersensitivity models in which abacavir-binding alters the conformational ensemble of neopeptides, so as to favour exposed peptide surfaces that are no longer recognized as self by circulating CD8+ T cells, and are conducive to TCR binding. Our findings highlight the need to also consider the role of dynamics in understanding drug-induced hypersensitivities at the molecular and mechanistic level. This additional insight can help inform the chemical modification of abacavir to prevent hypersensitivity reactions in HLA-B*57:01+ HIV patients whilst retaining potent antiretroviral activity.
Abacavir is an antiretroviral medication used for the treatment of human immunodeficiency virus (HIV) infection 1, 2 . It is a prodrug that is converted by the liver 3 to form the pharmacologically active compound carbovir 5′-triphosphate 4 , an analogue of guanosine that targets HIV reverse transcriptase. Abacavir has been found to elicit a drug hypersensitivity reaction in up to 8% of treated patients 5, 6 , with hypersensitivity attributed to the prodrug itself 7, 8 . Symptoms of abacavir hypersensitivity syndrome (AHS) include fever, malaise, nausea, diarrhoea and skin rash, and the condition can be fatal in severe cases 9 . AHS is strongly associated with patients carrying a human leukocyte antigen (HLA)-B*57:01 allele, and is mediated by the activation of HLA-B*57:01 restricted CD8+ T-cells [10] [11] [12] . In contrast, hypersensitivity is not observed in patients carrying the closely related alleles HLA-B*57:03 (Asp114Asn; Ser116Tyr), HLA-B*57:02 (Asp114Asn; Ser116Tyr; Leu156Arg), and HLA-B*58:01 (Met45Thr; Ala46Glu; Val97Arg; Val103Leu) 7, 11 . Mass spectrometry data characterizing the peptides eluted from HLA-B*57:01 cell lines treated with or without abacavir revealed abacavir alters the repertoire of peptides that are bound by HLA-B*57:01 7, 8, 13 . Peptides that eluted from abacavir-treated HLA-B*57:01 cells had smaller C-terminal F-pocket anchor residues, such as valine (eg. HSITYLLPV (pepV) 8 ), or isoleucine (eg. RVAQLEQVYI (RVAQ) and LTTKLTNTNI (LTTK) 7 ), as compared to untreated cells in which HLA-B*57:01-bound peptides retained a canonical C-terminal tryptophan. Crystallographic structures further revealed that abacavir binds non-covalently at the floor of the HLA-B*57:01 peptide-binding cleft, with the cyclopropyl group making contacts with F-pocket residues that differ in HLA-B*57:03, HLA-B*57:02 and HLA-B*58:01 of the peptide binding cleft, preferencing smaller C-terminal peptide residues and thereby altering the repertoire of peptides that can be presented by HLA-B*57:01 and considered foreign to circulating CD8+ T cells.
To further our understanding of AHS and the interactions between HLA-B*57:01, bound peptide, and abacavir, we performed a series of molecular dynamics (MD) simulations of three HLA-B*57:01-peptide complexes in the presence (PDB IDs 3UPR 8 , 3VRI and 3VRJ 7 ) of abacavir, or with abacavir removed. We also performed MD simulations of three abacavir analogues (carbovir, didanosine, and guanosine) all bound to HLA-B*57:01, to serve as a comparison. These analogues are all chemically very similar to abacavir, but do not trigger a T-cell response 11 . Our simulations show that both abacavir and bound peptides can adopt a range of conformations in the HLA-B*57:01 antigen-binding cleft, suggesting that conformational dynamics may play an underappreciated role in the recognition of HLA-B*57:01 by abacavir-specific T cell receptors (TCRs) 7, 8, 11, 14 . We further show that the high levels of peptide dynamics, and partial dissociation of HLA-B*57:01-bound peptides may allow abacavir direct access to the antigen-binding cleft, and propose conformational dynamics to be a central tenet of all models of HLA-associated drug hypersensitivity. Overall our results suggest structures alone of the HLA-B*57:01-abacavir-peptide complexes are insufficient to account for the molecular basis of AHS.
Results and Discussion
To compare the dynamics of HLA-B*57:01 +/− abacavir, or abacavir analogues, we utilized the three available abacavir-bound HLA-B*57:01 structures (PDB ID 3UPR, 3VRI and 3VRJ), and either removed abacavir or substituted an abacavir analogue into the location of abacavir, and subjected the structures to MD analysis. A summary of all the systems for which MD was performed is provided in Table 1 and the structural components are shown in Fig. 1 .
Peptides bound to HLA-B*57:01 in the presence of abacavir or abacavir analogues display conformational variation. To investigate the range of conformations adopted by the three HLA-B*57:01-bound peptides in the presence or absence of abacavir or abacavir analogues and over the course of the simulations, we defined three critical distances between the terminal and centre residues in each peptide and closest residues in the underlying β-sheet ( Fig. 2A,C,E) . The N-and C-terminal residues were selected to indicate the motion of each end of the peptide (denoted peptide edges), while the peptide residue showing the largest protuberance from the binding cleft (denoted peptide centre) was also selected as a point of comparison. The distances between residues in each pair were then computed at each frame in the trajectory at 1 nanosecond intervals. The resulting distances are plotted in Fig. 2B ,D,F.
Notwithstanding the static picture presented by the crystallographic structures of HLA-B*57:01-peptide-abacavir complexes, our simulations indicate that the complexes are in a state of constant conformational flux. The central residue of the peptide ranged in height above the underlying β-sheet from ~ 7.5 to 20.5 Å in 3UPR, from 11 to 23 Å in 3VRI, and from 6 to 23 Å in 3VRJ (Fig. 2) . Likewise, the peptide edges ranged in height above the β-sheet from ~11 Å to up to 25 Å (Fig. 2) . Likewise, conformational flux was observed for the HLA-B*57:01-bound peptides in the absence of abacavir, and also when the abacavir analogues were present. Therefore, despite the similarity of the underlying systems, a wide range of conformations are adopted. Although most individual runs (three for each system) form a loose cluster on these graphs, there is no evidence of clear systematic differences between abacavir and any of its analogues, or between abacavir analogues and the unbound complex that differentiates the abacavir-containing systems.
This large conformational diversity can also be visualized directly by overlaying snapshots of the peptides from multiple frames in each simulation (Fig. 3 ). High levels of conformational diversity can be observed, with substantial rearrangements of the peptide backbone within the antigen-binding cleft observed over the course of all the simulations. As before, there are no features distinguishing abacavir-bound simulations from the other systems.
HLA-B*57:01-bound peptides partially detach from the peptide binding groove. As a further measure of structural variability, root mean squared deviation (RMSF) relative to starting positions was calculated for all residues in each system over the course of the trajectory, and the results for the peptide residues plotted in Fig. 4 . The majority of residues for most systems show relatively high RMSFs of 3 Å or more, with some of the terminal regions having very high RMSFs of up to 8 Å. This is consistent with the observation that both the N-and C-termini of the peptide partially detach from the MHC antigen-binding cleft in several of the simulations (Table 2) . Similar results were obtained in previous, shorter MD simulations, in which the C-terminus of a range of self-peptides detached from the peptide binding groove of HLA-B*57:01 in the absence of abacavir 15 . However, abacavir does not show any systematic tendency to either increase or decrease peptide RMSF relative to www.nature.com/scientificreports www.nature.com/scientificreports/ either the other analogues or to the unbound system. Overall these results clearly indicate high levels of peptide dynamics over the course of the simulation, but no distinctive effects of abacavir which differentiates it from the other systems are evident.
Abacavir and abacavir analogues can escape the HLA-B*57:01 antigen-binding cleft.
Examination of snapshots taken throughout the simulations of abacavir in the HLA-B*57:01 antigen-binding groove show that abacavir can bind to HLA-B*57:01 in many similar but distinct conformations. In some cases abacavir and its analogues escape from the binding cleft (Table 2) , with escapes occurring as a result of partial detachment of the peptide at the N-and C-termini, and also from the centre of the binding cleft without any partial detachment of the peptide. One possible explanation for these results is that abacavir and the abacavir analogues do not bind very stably to the MHC-peptide complex. For the abacavir analogues this is plausible given they were modeled into the HLA-B*57:01 structures and, unlike abacavir, have not been proven to bind HLA-B*57:01. This explanation, however, only accounts for the pattern observed for the 3VRI systems, and not for the absence of any escapes in the 3VRJ system, or the fact that abacavir escapes in the 3UPR system while carbovir and guanosine do not. Overall it is difficult to provide a clear rationale for these results in terms of single structural differences. Indeed, it seems likely that all of the abacavir analogues would escape from the binding clefts if the simulations could be run for long enough timescales, and that the observed differences may be due largely to the inherently stochastic nature of MD.
Abacavir can bind to HLA-B*57:01 in a range of conformations. Examination of overlays of snapshots from the MD trajectories shows that abacavir exhibits a considerable range of conformations within the HLA-B*57:01 antigen-binding cleft (Fig. 5) . Particularly common are rotations of the cyclopentyl and cyclopropyl moieties, as well as translational motion of the entire compound within the binding cleft. In all cases it is evident that the conformation observed in the original crystallographic structure is but one among a large conformational ensemble.
Our observation that abacavir retains considerable flexibility/mobility while lodged between HLA-B*57:01 and the bound peptide implies that the loss of entropy upon HLA-B*57:01-peptide-abacavir complex formation is smaller than would be the case were abacavir to be totally rigid, thus favouring complexation. The flexibility www.nature.com/scientificreports www.nature.com/scientificreports/ of abacavir may explain its specificity toward HLA-B*57:01. As previously noted, closely related alleles such as HLA-B*57:03, HLA-B*57:02, and HLA-B*58:01 do not bind abacavir and thus are not influenced by it 7, 11 . These alleles differ from HLA-B*57:01 at a small number of sites with bulky amino acids, mainly at positions Ala46, Val97, Ser116 and Leu156. During simulations, abacavir is observed to interact with these residues. As a consequence, mutations in those residues that introduce a bulkier amino acid, for example Ser116Tyr or Val97Arg, likely create steric clashes which reduce the conformational space available to abacavir when bound to these alleles. As our data implies that abacavir influences complex stability via its effect on the shape of the binding groove, rather than through direct interactions with binding pockets, bulkier residues may destabilize the peptide-MHC (pMHC)-abacavir complex by limiting these effects. www.nature.com/scientificreports www.nature.com/scientificreports/ Abacavir is highly dynamic when lodged between HLA-B*57:01 and the bound peptide. Our results strongly indicate that the nature and causes of abacavir's hypersensitivity reaction cannot be explained solely through analysis of static structures. Abacavir and the peptides with which it binds vary in conformation to such an extent that any analysis based on the presence or absence of particular steric interactions or hydrogen bonds will almost inevitably fail to identify features which are consistently present in abacavir and only abacavir. Further, despite performing a combined total of 90 microseconds of MD, no clear structural features or interactions were found to be present in abacavir systems but not any of its analogues, nor were there any such systematic differences between the abacavir analogues as a group and the system with only the peptide.
One outstanding question is whether the three peptides considered in the crystallographic studies bind to HLA-B*57:01 in the absence of abacavir, and also whether they bind in the presence of any of the abacavir analogues. While previous work has indicated that such binding has not been observed 7, 8 , our simulation results fail to indicate that the MHC-peptide-abacavir complex is any more stable than the MHC-peptide or MHC-peptide-analogue complexes. Indeed, our results show that all of these systems are highly dynamic, in some cases one or other peptide termini becoming dislodged from the binding cleft, and abacavir or one of its analogues escaping the binding cleft entirely. There are also other reports of peptide escape allowing access to drugs, for example in allopurinol hypersensitivity 16 , and also other cases of partial peptide detachment reported for various peptides bound to HLA-B*57:01 15 and HLA-B*44:02 17 . These findings indicate that in all likelihood none of the MHC-peptide-abacavir or MHC-peptide-analogue complexes are especially stable, and differ largely in terms of their relative association and dissociation constants. This indicates that the TCR binding affinity of a particular MHC-peptide-analogue complex is likely determined by the relative proportions of particular Previous studies have focused on the interaction of the abacavir cyclopropyl group with the Val97 and Ser116 residues unique to HLA-B*57:01 as explaining why only abacavir (which alone of its analogues possesses this cyclopropyl group) and only HLA-B*57:01 (which alone of its similar alleles possesses this residue pair) elicit recognition by T cells 7, 8 . However, our simulations indicate that the abacavir cyclopropyl group does not adopt a consistent conformation with respect to Val97 and Ser116 (Fig. 6) . Conversely, abacavir analogues were observed to adopt similar conformations to abacavir even in the absence of the cyclopropyl group. As such, even if some of these interactions are important for eliciting T cell recognition by abacavir, this can only be a matter of degree, and not due to the binary existence or non-existence of certain interactions.
AHS is attributed to the altered repertoire model in which abacavir non-covalently interacts with the binding-cleft of HLA-B*57:01, altering the repertoire of peptides that can bind and allowing the presentation of neoantigens, preferring Ile, Leu, Val or Ala at the C-terminus of the peptide (PΩ), that are considered foreign to circulating CD8+ T cells 7, 8, 13 . Our MD data suggests HLA-B*57:01-bound peptides bearing abacavir-compatible PΩ residues adopt a highly diverse range of conformations when abacavir is bound, and we hypothesize that these altered conformations may play a role in abacavir-induced T cell activation. The intricacy of the short-and long-lived interactions between the TCR and HLA-B*57:01-peptide is consistent with the role of conformational dynamics in the activation of the immune system [18] [19] [20] [21] [22] [23] [24] . The TCR scans a wide range of conformations in each system existing in a conformational ensemble. Glimpses of such scanning have been reported, for example flexibility within crystal structures of B*35:08-LPEP in complex with SB27 TCR, and subsequent MD studies suggested a scanning motion of the TCR on top of the pMHC 22, 25 . Some particular conformations will facilitate TCR binding to a higher degree than others by providing a more energetically favourable sequence of interactions with the TCR, leading ultimately to formation of the TCR-bound state. Our study suggests that abacavir alters the proportion of neopeptide conformations, such that the exposed peptide surfaces that are more often presented, are considered foreign to circulating CD8+ T cells and are favourable to TCR binding, thereby eliciting a T cell response. Much longer MD simulations, and possibly more advanced sampling approaches, would be necessary to fully characterize the relative populations of different conformations in each ensemble, and thereby determine precisely which conformations are responsible for any preferential TCR response to abacavir.
Our MD simulations also indicate HLA-B*57:01-bound peptides can partially dissociate out of the peptide-binding cleft, allowing abacavir direct access. Partial peptide detachment has similarly been attributed to the exposure of the allopurinol/oxypurinol binding site within the cleft of HLA-B*58:01, which is associated with HLA-associated drug hypersensitivity 16 . This hypersensitivity, described by the p-i (pharmacological interaction with immune receptor) model, is due to the direct, reversible binding of the drug to the HLA-B*58:01 antigen-binding cleft which stabilizes novel peptide conformations that immediately stimulate a T cell response. Given the partial peptide detachment observed in our simulations it is possible that, in addition to the altered repertoire model, that the p-i model may also be a driver for AHS. This 'dual' model would account for the observed immediate activation of abacavir-reactive T cells 26 , in addition to the delayed abacavir-induced T cell response characteristic of a dependency on conventional antigen-processing pathways 7, 11 . Notably, drug-induced novel peptide conformations are central to both models.
Finally, our results constitute strong evidence against static structure explanations of abacavir-induced hypersensitivity which focus on binary interactions between MHC-peptide-abacavir and a T cell response stimulated by a single-conformation peptide, but rather support a mechanism involving selection from amongst dynamical pMHC conformational ensembles.
Concluding remarks. Our MD simulations highlight that HLA-B*57:01-peptide-abacavir crystal structures, which represent static molecular snapshots, do not fully provide an explanation for the strong association of Table 2 . Partial peptide detachment and number and location of abacavir or abacavir-analogue escapes from the antigen-binding cleft.
www.nature.com/scientificreports www.nature.com/scientificreports/ abacavir hypersensitivity with HLA-B*57:01. We show that whether or not abacavir or any of its analogue compounds are present in the HLA-B*57:01 antigen-binding cleft, the peptides exhibit high levels of conformational flexibility. Our MD data does not support the notion that any particular differences in specific conformations or degree of flexibility can account for abacavir's unique immunogenicity. Instead, we propose that AHS is the result of abacavir altering the proportions of neopeptide conformations, such that the exposed peptide surfaces that are more frequently presented, are deemed foreign by circulating CD8+ T cells and favourable to TCR binding and T cell activation. Further, we propose the high levels of peptide dynamics, and partial dissociation of HLA-B*57:01-bound peptides, may also allow abacavir direct access to the antigen-binding cleft. Based on our observations it is possible that AHS is driven by both the p-i and altered repertoire hypersensitivity model. We propose that conformational dynamics is a central tenet of all models of HLA-associated drug hypersensitivity, and should be characterized so as to complement crystallographic studies and in silico docking approaches 27 . The integration of such techniques, alongside the cellular studies and genetic associations reported for drugs, presents more comprehensive molecular and mechanistic insights into HLA-associated drug hypersensitivities. Given HLA-associated adverse drug reactions have been reported for over 10 drugs, ranging from anticonvulsants to www.nature.com/scientificreports www.nature.com/scientificreports/ antibiotics (see 28 for a review), this united approach may accelerate the development of safer and more effective drugs of clinical use for a range of human health conditions.
Materials and Methods
Computational resources. Parameterization of abacavir analogues was performed on Multi-modal Australian ScienceS Imaging and Visualisation Environment (MASSIVE), while MD simulations were performed on in-house hardware (NVIDIA TITAN X Pascal GPU). systems preparation. The coordinates for starting structures of peptide-MHC complexes with abacavir were taken from PDB IDs 3UPR 8 , 3VRI and 3VRJ 7 , which contain bound-peptides HSITYLLPV (pep-V), RVAQLEQVYI (RVAQ), and LTTKLTNTNI (LTTK), respectively. For each unique pMHC complex, systems with and without abacavir were simulated. Initial abacavir geometry was extracted from a crystal structure (PDB  ID 3UPR 8 ), while structures for abacavir analogues carbovir, guanosine, and didanosine were obtained from PubChem 29 , and positioned in the binding cleft by aligning them with the carbon and nitrogen atoms of the central purine moiety of abacavir using PyMOL. Note that the 3VRI and 3VRJ structures do not include a bound drug. Further fine-tuning of the initial models was performed in the context of preparation for MD simulation. Each protein, with protonation states appropriate for pH 7.0 as determined by PROPKA 30, 31 , was placed in a rectangular box with a border of at least 10 Å, explicitly solvated with TIP3P water 32 , sodium counter-ions added, and parameterized using the AMBER ff99SB all-atom force field [33] [34] [35] . After an energy minimization stage consisting of at least 10,000 steps, an equilibration protocol was followed in which harmonic positional restraints of 10 kcal Å 2 mol −1 were applied to the protein backbone atoms. The temperature was incrementally increased while keeping volume constant from 0 K to 300 K over the course of 0.5 ns, with Langevin temperature coupling relaxation times of 0.5 ps. After the target temperature was reached, pressure was equilibrated to 1 atm over a further 0.5 ps using the Berendsen algorithm 36 .
Abacavir analogues parameterization. For each of the abacavir analogues, Gaussian 09 37 was used to optimize its conformation and to calculate its molecular electrostatic potential (ESP). This was done at the HF/6-31 + + G* level of theory, to allow for polarization effects. The ANTECHAMBER module of AmberTools 12 38 was then used to generate the force field libraries by assigning RESP-fitted charges, as well as Generalized Amber Force Field (GAFF)-derived parameters and atom types 39 for use in MD simulations. www.nature.com/scientificreports www.nature.com/scientificreports/ Molecular dynamics (MD). Following equilibration and parameterization, production MD simulation runs were performed in the NPT ensemble using periodic boundary conditions and a time step of 2 fs. Temperature was maintained at 300 K using the Langevin thermostat with a collision frequency of 2 ps, and electrostatic interactions computed using an 8 Å cutoff radius and the Particle Mesh Ewald method 40 . Pressure was maintained at a constant 1 atm using Berendsen pressure bath coupling with a time coefficient of 0.1 ps 36 . Each simulated system was repeated three times from the same starting structure but with different starting velocities, with each run extending for 2 microseconds.
MD analyses.
After the simulations were completed, the three trajectories of each system were concatenated for analysis. Root Mean Square Fluctuation (RMSF) analyses and atomic distance computations were performed using VMD version 1.9.4 41 . Images were rendered using PyMOL 42 . RMSD and RMSF of backbone heavy atoms with respect to their initial structure were calculated every 1 ns, after performing a least-squares fit 43 to the initial structure. RMSF results were reported as the average RMSF per residue backbone throughout simulations. Clustering analysis was performed using python.
